Introduction
Implantation of bone marrow cells (BMCs) into the infracted heart has been shown to be therapeutic through improvement of left ventricular function after myocardial infarction (MI) and limitation of infarct size in rodent MI models [1] [2] [3] , but human clinical trials of BMC-based therapy for cardiac disease have achieved more modest results [4] [5] [6] . Rodent experiments involve BMCs from distinct inbred donor mice that are typically young, and thus may poorly represent clinical autologous cell therapy, in which delivered cells are from patients who have had an MI and who are typically older. We have reported that donor MI triggers an inflammatory response that impairs the therapeutic potential of BMCs in a mouse model of MI, making the donor BMCs less able to prevent a decline in left ventricular function when implanted into post-MI recipient hearts [7] . Moreover, aging impairs not only the functional activity of various populations of cells isolated from bone marrow or blood of aged animals [8, 9] and elderly human patients [10, 11] but also the beneficial effect of cytoprotective compounds or growth factors on post-MI remodeling [12] . Recently, Ayala-Lugo et al. [13] reported that BMCs from moderately aged donor rats (~1 year) are less therapeutic for MI than those from young rats. However, the effect of advanced age (>2 years old in mice) on the therapeutic efficacy of unfractionated BMCs for treating MI is relatively unexplored. We show here that advanced age drastically impairs the therapeutic efficacy of the donor BMCs, irrespective of the state of the recipient heart, and that the anti-therapeutic effects of donor age and donor MI on BMCs are additive.
Materials and Methods
All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of California, San Francisco.
Donor and recipient mice
Male C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Young donor mice were at age 10 weeks. Middleaged donor mice were housed for 1 year before use. Old donor mice were housed for 2.5 years before use (the typical mouse life-span is 2-3 years). Recipient mice were at 10 weeks of age. Recipient group size was 12 or greater; BMCs from 1 donor mouse were used per 5 recipient mice.
Myocardial infarction
MI was surgically induced as described previously [14] . Mice were anesthetized with 2% isoflurane and received analgesics (buprenorphine 0.1 mg/kg, subcutaneous injection) at time of surgery. Hearts were exposed via a parasternotomy and the left anterior descending coronary artery was permanently ligated ~3 mm below the tip of the left atrium.
BMC harvest and injection
The protocol for BMC harvest and injection has been previously described [3, 14] . Briefly, mouse femurs and tibias were harvested, and bone marrow was flushed with cold Hank's balanced salt solution (HBSS) with 0.5% BSA. The suspension was strained through a 70 μm filter and washed twice with HBSS. After centrifugation, the unfractionated whole BMCs were harvested for injection. The cell concentration was adjusted to 10 8 viable cells/ml. 10 6 cells were injected into myocardium at the infarct border zone as two 5 μl injections under ultrasound visualization using a Vevo660 micro-ultrasound system (VisualSonics Inc., Toronto) [14] .
Each donor mouse provided BMCs for 5 recipient mice in order to have multiple donors per group. BMCs were always implanted into recipient hearts on day 3 post-MI. Injection of HBSS served as a negative control. The allocation of BMC treatment for MI recipients was random and 98% of intramyocardial injections were judged to be optimal based on visible changes in localized ultrasound signal resulting from the presence of cell suspension [3, 7, 15] . Recipient mouse conditions were always constant and all were injected on day 3 post-MI (a stage of physiological response to MI comparable to that used in the clinic) through ultrasound-guidance [14] .
Echocardiography
Echocardiography of recipients was performed under anesthesia with 1.25% isoflurane at baseline, and 2 and 28 days post-MI using a Vevo660 micro-ultrasound system as described previously [7, 15] . Echocardiograms were obtained at long-axis view to measure the left ventricular end-systolic volume (ESV) and end-diastolic volume (EDV). Formula of the left ventricular ejection fraction (EF): EF (%) = [(EDV -ESV)/ EDV] × 100. Wall thickness was measured at the apical-segment (infarct) and mid-segment (infarct border zone) of the anterior wall and at the basal segment of the anterior and posterior walls, respectively. Echocardiographic parameters were measured/remeasured by two blinded researchers.
Histological measurement of infarct size
Mouse hearts were arrested in diastole with saturated KCl injected into the left ventricular chamber and removed. Frozen heart sections were analyzed histologically for infarct size measurement as described previously [16] .
Statistical analysis
All values are presented as mean ± SD. Differences were determined by two-way repeated measures ANOVA with subsequent Bonferroni's post hoc test to compare means between multiple (>2) groups on days 2 and 28 post-MI, by one-way ANOVA with Bonferroni's post hoc test to compare means between multiple groups and by two-tailed paired t test to compare means between day 2 and day 28 post-MI in each group. A value of P<0.05 was considered to be statistically significant.
Results

Impairment of BMC therapeutic potential by advanced donor age
To confirm if donor advanced age impairs the therapeutic potential of BMCs for treatment of MI, we implanted donor BMCs into groups of infarcted recipient mice, keeping the recipient conditions constant but varying the donor conditions with respect to age. Recipient echocardiographic parameters were measured by two blinded researchers and found to be consistent.
Following MI, in all groups, recipient left ventricular EF declined uniformly from a baseline of 50.1±3.8% to 32.0±3.8% on day 2 post-MI before cell implantation, as shown in Table 1 and Figure 1A . In the young and middle-aged donor groups, recipient anterior wall thickness at the infarct and border zone was significantly thicker than those in the old donor group and HBSS group ( Figure 1D ). Recipient infarct size in the young donor group was significantly smaller than that in the HBSS group ( Figure 1E ).
Additive impairment of aged BMC potential by donor MI
Because we have recently reported that donor MI impairs BMC therapeutic potential by an MI-triggered inflammatory response [7] , we further determined whether BMCs already impaired by donor age could be further impaired by donor MI. After implantation of BMCs from aged/MI donors, middle-aged-infarcted donor BMCs no longer preserved recipient 28 day post-MI EF, representing an additive impairment by both donor middle-age and donor MI (Figure 2A) . However, recipient day 28 post-MI EF after implantation with oldinfarcted donor BMCs was almost identical to that resulting from implantation with old-healthy donor BMCs, because implantation of old-donor BMCs already was comparable to injection of negative control HBSS ( Figure 2B ).
Discussion
Clinical trials of BMC therapy for MI have had limited success relative to the rodent experiments on which they were based. One substantial difference between the two situations stems from the fact that clinical patients undergoing autologous BMC therapy have had a recent MI and tend to be middle-aged or older. In contrast, harvest of bone marrow from mice requires euthanasia of the donor mouse, so rodent BMC therapy experiments cannot be autologous and involve different donor animals that are typically healthy and young. Thus, the cells being used in rodent experiments are a poor approximation of actual BMCs used for clinical autologous cell therapy. We used a mouse model in which the BMC donors and recipients were separate individuals, which is not practical in autologous human cell transplants. This enabled us to study the effects of the donor condition specifically by varying the age of the donor mice to make the rodent model look more like the clinical situation for this isolated parameter, the impact of age on the BMCs being harvested and administered. BMCs from old donor mice were remarkably devoid of therapeutic benefit, leaving The emphasis of this study was on the effects of donor age mostly because while aging studies involving cell therapy tend to focus on the age of the recipient heart itself [12, 17] , our study isolates the age state of the BMC donor from that of the recipient, in the setting of recipient acute MI. This approach has been used to demonstrate cardiac therapeutic impairment of unfractionated BMCs by acute MI [7] , of bone marrow stromal cells by advanced age [9] , and of bone marrow mononuclear cells by middle-age [13] . A body of literature suggests that age can cause shortening of telomeres or reductions in various molecular or functional properties of cells in the bone marrow [18] [19] [20] [21] [22] [23] . Circulating angiogenic cells (sometimes called endothelial progenitor cells) from bone marrow and peripheral blood exhibit agerelated reductions in various functional parameters in vitro, such as reduced migration toward chemoattractants and ability to decrease atherosclerosis [8, 10, 24] . Therefore, BMCs in general from old animals may suffer from a lifetime of progressive impairment, causing gradual functional declines.
Importantly, this therapeutic impairment is intrinsic to the cells, which exhibit an age-dependent decrease in cellular therapeutic potential, and is independent of the response of the recipient. Recently published evidence [13] suggests that alterations in the cellular distribution and certain cell properties in the bone marrow from middle-aged donors may contribute to the therapeutic impairment of donor BMCs, although this interpretation is complicated by our previous finding that implanted BMCs do not need to be alive to improve cardiac function post-MI [3] , and future experiments will be needed to determine the impact of cellular functional changes on the therapeutic efficacy of aged BMCs. As we have demonstrated, BMC therapeutic potential can be additively impaired by both age and MI, suggesting that clinical autologous cell therapy trials face at least two practical challenges not reflected in typical rodent experiments. Because use of allogeneic cells from young, healthy individuals would result in life-long immunosupression, it will be important to determine how to prevent this decline in therapeutic impairment in aged individuals. Current research is geared toward elucidating the crucial differences between young and aged BMCs that might be reversed or prevented before delivery in a clinical setting. In summary, our findings provide one potential explanation of why human trials have not matched the level of success of the rodent experiments, and suggest that advanced age is one of the important factors that limit the success of clinical autologous BMC-based therapy.
